1. Introduction {#s0005}
===============

Flocculation is a natural way for yeast cells to adhere to each other and increase the survival chance of the collective by formation of multicellular agglomerates. It is used mainly as a rapid and cheap way of separating cells from the broth in fermentation processes ([@bib20]). Additionally, we have shown that in the special case of fermentation of toxic lignocellulose hydrolysates, flocculation can increase the inhibitor tolerance of the cells and result in faster and more complete fermentation ([@bib24]).

Flocculation is caused by lectin-like cell wall proteins, flocculins, that bind to mannoproteins in the cell wall of neighbouring cells ([@bib4]). In *Saccharomyces cerevisiae*, the flocculation genes are situated in the sub-telomeric regions of the genome ([@bib17]). Furthermore, the flocculation genes contain tandem repeats in the middle of the genes. The number of repeats determines the strength of the flocculation, and to some extent also the sugar specificity of the flocculation proteins ([@bib7], [@bib21], [@bib24]). Recombination events can easily alter the number of repeats and the flocculation characteristics can, therefore, change rapidly in response to *e.g.* environmental stress ([@bib21]). For strong flocculation of recombinant flocculating strains, a stable construct with a long flocculation gene, *i.e.* with many tandem repeats, is required. This has proven difficult to achieve due to the nature of the flocculation genes. In PCR and in amplification in *Escherichia coli*, the long sequences of internal repeats can lead to recombination events that shorten the gene by changing the length of the internal region ([@bib16], [@bib24]). It has therefore been difficult to recombinantly express the entire *FLO1* gene ([@bib22], [@bib24]).

An alternative to recombinant expression of the known *FLO1* is to search for novel flocculation genes in strongly flocculating *S. cerevisiae* strains ([@bib27]). Due to the rapid evolution of flocculation genes it is expected that certain strains can harbour genes resulting in a stronger and more robust flocculation than that obtained by *FLO1* from S288c ([@bib21]).

The aim of the current work was to design a flocculation gene resulting in improved flocculation characteristics when expressed in otherwise non-flocculating strains. To this end, a DNA sequence (*FLONF*) was isolated from the constitutively strongly flocculating *S. cerevisiae* CCUG 53310 ([@bib23]), using primers designed for *FLO1* from S288c. Expression in CEN.PK 113-7D did not lead to the expected Flo1 phenotype flocculation, inhibited only by mannose. Instead the resulting strain displayed NewFlo phenotype flocculation that was inhibited by several sugar types. Since the internal repeat region of *FLONF* differed from that of *FLO1*, we hypothesized that a more stable flocculation gene could be created by merging a partial *FLO1* gene with a part of the internal repeat region of *FLONF*. Construction of a gene with a mix of different repeats would make it more stable in the strain, and easier to transfer between different strains to obtain rapidly sedimenting cells for application in *e.g.* sequential batches without need for centrifugation. With this in mind, we created a chimaeric gene that resulted in strong constitutive flocculation upon expression in otherwise non-flocculating yeast strains.

2. Materials and methods {#s0010}
========================

2.1. Yeast strains and medium {#s0015}
-----------------------------

The naturally constitutively flocculating strain *S. cerevisiae* CCUG 53310 was used for isolation of *FLONF*. The recombinant strains used in this study originated from *S. cerevisiae* CEN.PK 113-7D (MATa, MAL2--8C, SUC2) ([@bib19]) which was used as reference strain, as well as from KE6--12.A ([@bib18]) and IBB10B05 ([@bib9]). Inoculations of pre-cultures were done by picking a colony from fresh YPD agar plates (10 g/l yeast extract, 20 g/l soy peptone, 20 g/l glucose, and 20 g/l agar), prepared from a frozen glycerol stock.

Aerobic cultures for cell propagation were grown in 250 ml cotton-plugged conical flasks in a shaker (125--200 rpm) at 30 °C. Liquid YPD medium containing 20 g/l of glucose was used for propagation of cells.

2.2. Isolation of a flocculation gene from *S. cerevisiae* CCUG 53310 and construction of a recombinant flocculating yeast strain {#s0020}
---------------------------------------------------------------------------------------------------------------------------------

Using the primers *FLO1*-FW and *FLO1*-*HO*-RV ([Table 1](#t0005){ref-type="table"}), giving a region homologous to the *HO* locus in *S. cerevisiae* CEN.PK 113-7D, a gene sequence from *S. cerevisiae* CCUG 53310 was amplified. The *TDH3* promoter (*TDH3*p) was amplified from genomic DNA of *S. cerevisiae* CEN.PK 113-7D by PCR using the primers EcoRV-*TDH3*p-FW and SpeI-*TDH3*p-RV ([Table 1](#t0005){ref-type="table"}) and cloned in the pUG6 vector ([@bib5]). The resulting vector was used as template for amplification of the KanMX-*TDH3*p cassette using the primers SphI-KAN-FW and SalI-*TDH3*p-RV ([Table 1](#t0005){ref-type="table"}). The cassette was cloned in YIplac211 ([@bib2]) and amplified by PCR using the primers *TDH3*p-*FLO1*-RV and *HO*-KAN-FW ([Table 1](#t0005){ref-type="table"}), giving flanking ends homologous to the *HO* locus in *S. cerevisiae* CEN.PK 113-7D, and to the DNA sequence isolated from *S. cerevisiae* CCUG 53310, respectively. By fusion PCR the KanMX-*TDH3*p cassette and the DNA sequence were merged together and amplified using the primers *HO*-FW and *HO*-RV ([Table 1](#t0005){ref-type="table"}) in two PCR reactions. In the first step the flocculation gene and the KanMX-*TDH3*p cassette were mixed in a single PCR reaction for PCR-based fusion, using the Phusion polymerase (Thermo Scientific, Lafayette, CO, USA). The DNA fragment resulting from the fusion was used as template for the second PCR reaction, with the primers *HO*-FW and *HO*-RV. This yielded a PCR product with flanking regions homologous to the *HO* locus that was used for homologous recombination in CEN.PK 113-7D using the lithium acetate based transformation method ([@bib3]). Transformants were selected on YPD plates containing 200 µg/ml G418 (Sigma-Aldrich, Steinheim, Germany) and tested for flocculation ability in liquid YPD-medium, shaking overnight. The correct integration into the *HO* locus was confirmed by PCR using the primers SapI-KAN-RV and *HO*-upstream-2 ([Table 1](#t0005){ref-type="table"}). The correctness of the sequences and of the integration was verified by sequencing (Eurofins MWG Operon, Ebersberg, Germany). The strain was named CEN.PK FLONF.Table 1Oligonucleotides used in the study.Table 1Primer nameSequence 5′ → 3′[a](#tbl1fna){ref-type="table-fn"}*HO*-upstreamCAGTTGAAGACATGTGCGTC*FLO1*-N-term-RVGTACTGGCAGTTGTTGGAGTTCTGATGAC*FLO1*-reps-FWGTCAAAACTCCAACTGCTAGCACCA*HO*-downstreamCAAATCAGTGCCGGTAACG*FLONF*-reps-FWCATTGTCATCAGAACTCCAACAACTGCCAGTACTACAATAACTACAACTGAGCCATGG*FLONF*-reps-RVGTAGTTATGATGGTGCTAGCAGTTGGAGTTTTGACAATAATGACAGTTTCATCAG*HO*-upstream-2CAGAAAGGGTTCGCAAGTC*HO*-downstream-2GGCGTATTTCTACTCCAGCATTC*EcoRV-TDH3p-FW*AT**GATATC**CAGTTCGAGTTTATCATTATC*SpeI-TDH3p-RV*T**ACTAGT**GTGTGTTTATTCGAAA*SphI-KAN-FW*ATAAT**GCATGC**TTCGTACGCTGCAGGTAGACAAC*SalI-TDH3p-RV*TAC**GTCGAC**GTGTGTTTATTCGAAACTAAG*FLO1*-FWATGACAATGCCTCATCGCTATATGTTTTTGGC*FLO1*-*HO*-RVTTAGCAGATGCGCGCACCTGCGTTGTTACCACAACTCTTATGAGTTAAATAATTGCCAGCAATAAG*TDH3*p-*FLO1*-RVCATATAGCGATGAGGCATTGTCATGTGTGTTTATTCGAAACT*HO*-KAN-FWTACTTTGAATTGTACTACCGCTGGGCGTTATTAGGTGTGAAACCACGAGCTTCGTACGCTGCAGGTAG*HO*-FWTACTTTGAATTGTACTACCGCTGGGC*HO*-RVTTAGCAGATGCGCGCACCTGCGTTGSapI-KAN-RVCA**GCTCTTC**CGCTCCTAATAACTTCGTATAGIPCR-FWGCACTATGTCGCAACAGCCTCIPCR-RV1AGTGGTATTAAGCAATGGAATGAAAGTCIPCR-RV2AACCTCAGGGACATATCAGTGCMut-RVGGGACTTCCATTCCATTGCMut-FWCAATGGAATGGAAGTCCCCC[^3]

2.3. Inverse PCR {#s0025}
----------------

The flanking regions of *FLONF* were investigated by inverse PCR ([@bib11]). Genomic DNA was digested by 10 different restriction enzymes (AatII, BlpI, XbaI, HindIII, MluI, NotI, PstI, SalI, BstXI and XhoI) creating sticky ends. The digested DNA was ligated at a DNA concentration of 1 µg/ml, to favour self-ligation. After phenol:chloroform extraction, the DNA was used as template for inverse PCR reactions using the primers IPCR-FW, IPCR-RV1 and IPCR-RV2. The samples from the inverse PCR were analysed on an agarose gel and interesting bands excised, purified and sequenced (Eurofins MWG Operon, Ebersberg, Germany). The sequences were investigated using EMBOSS Needle to assess the similarity to the flanking sequences of the flocculation genes in *S. cerevisiae* S288c.

2.4. Ploidy test {#s0030}
----------------

The ploidy of *S. cerevisiae* CCUG 53310 was investigated by flow cytometry of cells stained with Sytox green. Exponentially growing cells were harvested and fixated in cold 70% ethanol. The cells were washed in 10 mM EDTA, pH 8.0, followed by treatment with RNase A, 0.1 mg/ml at 37 °C for 2 h. Sytox green was added to a final concentration of 1 µM and the cells were analysed with a guava easyCyte 8HT flow cytometry system. The haploid strain *S. cerevisiae* BY4741, the diploid *S. cerevisiae* CEN.PK 122 MDS and the tetraploid strain *S. cerevisiae* G26 were used as references.

2.5. Construction of *FLOw* {#s0035}
---------------------------

The cassette with flanking regions of the *HO* locus containing KanMX, the *TDH3* promoter and the strongly flocculating *FLO1* variant was amplified in two parts from the genomic DNA of *S. cerevisiae* CEN.PK 113-7D strongly flocculating mutant ([@bib24]). The 5′ part of the 'strongly flocculating' *FLO1* (Genbank accession number [KM366095](ncbi-n:KM366095){#ir0005}) variant cassette was amplified with *HO*-upstream and *FLO1*-N-term-RV ([Table 1](#t0005){ref-type="table"}). This amplicon contained the part of the flocculation gene encoding the carbohydrate binding N-terminal of the protein. The amplicon ended after the first (5′ to 3′) of the eleven internal repeats in the gene, according to a domain analysis by Pfam ([@bib12]). The 3′ part of the 'strongly flocculating' *FLO1* was amplified with *FLO1*-reps-FW and *HO*-downstream ([Table 1](#t0005){ref-type="table"}). This amplicon contained the remaining, 3′ part, of the flocculation gene, including the last ten (5′ to 3′) repeats.

Repeats from the *FLONF* flocculation gene (Genbank accession number [KJ716851.1](ncbi-n:KJ716851.1){#ir0010}) of *S. cerevisiae* CCUG 53310 were amplified using the primers *FLONF*-reps-FW and *FLONF*-reps-RV ([Table 1](#t0005){ref-type="table"}) from genomic DNA of CEN.PK FLONF. This gave regions homologous to the ends created by primers *FLO1*-N-term_RV and *FLO1*-reps_FW in the two fragments amplified from *S. cerevisiae* CEN.PK 113-7D strongly flocculating mutant. The PCR product was purified from an agarose gel.

By fusion PCR, the three fragments were assembled and the entire cassette was amplified using the nested primers *HO*-upstream-2 and *HO*-downstream-2 ([Table 1](#t0005){ref-type="table"}) in two PCR reactions. Phusion polymerase (Thermo Scientific, Lafayette, CO, USA) was used for all PCR steps. The successful fusion was confirmed by agarose gel analysis. The resulting PCR product, with flanking regions homologous to the *HO* locus, was used for homologous recombination in CEN.PK 113-7D using the lithium acetate based transformation method ([@bib3]). The transformation resulted in a large number of transformants after selection on YPD agar plates with 200 µg/ml G418 (Sigma-Aldrich, Steinheim, Germany). Of these transformants, 30 randomly chosen colonies were picked and tested for flocculation in 3 ml YPD medium each. The flocculation characteristics were investigated by visual inspection after growth over night. The genomic DNA of the 6 most strongly flocculating strains was isolated and the length of the flocculation gene as well as the correct integration in the *HO* locus was investigated by PCR using the primers *HO*-upstream and *HO*-downstream ([Table 1](#t0005){ref-type="table"}). The size of the inserted flocculation genes did indeed vary between the strains, as expected from the size variation obtained after the fusion PCR. The strain with the longest flocculation gene was chosen for further characterization and was named CEN.PK FLOw. The *FLOw* gene was amplified from genomic DNA and sent for sequencing (Eurofins MWG Operon, Ebersberg, Germany).

2.6. Flocculation and hydrophobicity tests {#s0040}
------------------------------------------

The flocculation tests were performed on yeast cells cultivated in YPD medium to stationary phase (48 h from inoculation) according to a previously reported protocol ([@bib23]) with slight modifications. In short, cells were deflocculated by EDTA (maximum 250 mM), heat-killed and mixed at a concentration of approximately 1\*10^8^ cells/ml in citrate buffer (50 mM, pH 4.5) containing 4 mM CaCl~2~ and various concentrations of the sugars tested, in a total volume of 2 ml placed in a 12 ml round bottom tube. The tubes were placed on an orbital shaker and agitated at 160 rpm at 25 °C, at an angle of approximately 30° for 4 h to ensure equilibrium. A sample of 150 µl was taken from just below the meniscus after the tubes had been left unagitated in a vertical position for 30 s. The sample was dispersed in 850 µl of 100 mM EDTA solution and the cell concentration was measured as OD600. The extent of flocculation is presented as the percentage of free cells = $\left( \frac{\text{OD600\ of\ sample}}{\text{OD600\ of\ reference\ without\ CaCl2}} \right)*100$.

The hydrophobicity of cells was tested by the Microbial Adhesion To Hydrocarbons (MATH) assay as previously described ([@bib23]). The hydrophobicity is reported as the relative difference between the absorbance before and after vortexing with octane: hydrophobicity = ${(1} - \frac{{OD}_{600}\text{after\ vortexing}}{{OD}_{600}\text{before\ vortexing}})*100$.

2.7. Site-directed mutagenesis {#s0045}
------------------------------

The site-directed mutagenesis E200G in *FLONF* was performed in three PCR-steps. In the first step the cassette from CEN.PK FLONF was amplified in two parts, with the primers Mut-RV and *HO*-upstream-2, and Mut-FW and *HO*-downstream, respectively, introducing the mutation in an overlapping part between the two fragments. The two fragments were fused together in a third PCR step and the resulting gene cassette transformed into CEN.PK 113-7D as described in [Section 2.2](#s0020){ref-type="sec"}, creating the strain CEN.PK FLONF E200G.

3. Results and discussion {#s0050}
=========================

3.1. Isolation of a novel flocculation gene sequence from *S. cerevisiae* CCUG 53310 {#s0055}
------------------------------------------------------------------------------------

Strong constitutive flocculation has been shown to be beneficial for inhibitor tolerance resulting in more complete fermentation of toxic lignocellulosic hydrolysates ([@bib24]). However, due to the difficulty of recombinantly expressing the most well-characterized flocculation gene, *FLO1*, in its complete form, new genetic sources are necessary. In the search for flocculation genes conferring robust constitutive expression, naturally strongly flocculating yeast strains are the obvious starting point. This approach has been previously reported and a long *FLO1* variant resulting in strong flocculation upon overexpression was identified ([@bib27]). Here, we hypothesized that flocculation genes isolated from the inhibitor tolerant, constitutively strongly flocculating *S. cerevisiae* CCUG 53310 ([@bib23]) would aid in the creation of strongly flocculating recombinant strains. Using the primers *FLO1*-FW and *FLO1*-*HO*-RV ([Table 1](#t0005){ref-type="table"}), designed for *FLO1* from *S. cerevisiae* S288c, retrieved from the *Saccharomyces* Genome Database ([@bib1]) we attempted to isolate novel flocculation genes by PCR.

Surprisingly, the amplified DNA fragment was not the expected *FLO1*, but a previously undescribed gene variant of approximately 3.4 kb (GenBank: [KJ716851.1](ncbi-n:KJ716851.1){#ir0015}), significantly smaller than the 4.6 kb of *FLO1* in S288c. There were additional DNA fragments amplified in the PCR, one of similar size as *FLO1* in S288c and one even larger ([Supplementary Fig. S1A](#s0095){ref-type="sec"}). However, despite numerous attempts it was not possible to isolate the larger fragments.

The 3.4 kb DNA fragment was isolated and sequenced. Analysis of the sequence using Pfam ([@bib12]) revealed a PA14 domain which is responsible for interactions with sugars, and a total of 12 repeats in the central domain, which is also characteristic for flocculins. The gene caused flocculation when transformed into the genome of the otherwise non-flocculating *S. cerevisiae* CEN.PK 113-7D and expressed constitutively under control of the *TDH3* promoter. The strain was named CEN.PK FLONF.

3.2. *FLONF* is a variant of *FLO1* in the tetraploid CCUG 53310 {#s0060}
----------------------------------------------------------------

From the results of the PCR amplification of *FLONF*, using primers designed for *FLO1* from S288c, it seemed likely that there are more than one copy of *FLO1* in *S. cerevisiae* CCUG 53310, with differences in length. The ploidy of *S. cerevisiae* CCUG 53310 has not been reported previously. Flow cytometry of cells stained with Sytox Green showed that the strain is tetraploid ([Supplementary Fig. S1B](#s0095){ref-type="sec"}). It is thus possible that the strain harbours four alleles of *FLO1*.

Inverse PCR was used to identify the regions flanking *FLONF* in the genome of CCUG 53310. From the sequencing results it was clear that the gene is located in the same site as *FLO1* ([Supplementary Table S1](#s0095){ref-type="sec"}). With primers specific for a small part of the *FLO1* sequence in *S. cerevisiae* S288c that is not present in *FLONF*, *FLO1*-FW2 and *FLO1*-RV2 ([Table 1](#t0005){ref-type="table"}), it was shown that the *FLO1* gene is indeed also present in CCUG 53310. It is hence likely that *FLONF* is an allelic variant of *FLO1*. The tetraploid nature with different versions of the same genes makes CCUG 53310 a difficult strain to work with. Although they are most likely present, further attempts to isolate longer flocculation genes from CCUG 53310 were hence abandoned. Nonetheless, it was of interest to investigate the flocculation phenotype conferred by expression of *FLONF.*

3.3. *FLONF* confers a NewFlo phenotype to CEN.PK 113-7D {#s0065}
--------------------------------------------------------

The reason that CEN.PK 113-7D was used for expression of the flocculation gene is that it lacks the major flocculation genes *FLO1*, *FLO5* and *FLO9* ([@bib8]). Flocculation occurring as a result of a gene transformation can thus be unambiguously assigned to the function of the new gene product being expressed. It has also been previously shown by real time PCR that constructs similar to *FLONF* were expressed at equal levels in CEN.PK 113-7D ([@bib24]).

Treating the CEN.PK 113-7D FLONF cells with EDTA effectively deflocculated the cells, showing the expected Ca^2+^ dependence of the flocculation. EDTA acts as a chelating agent removing the Ca^2+^ from the flocs ([@bib14]). As the calcium ions were removed the cells were unable to bind to each other. Flocs were rapidly reformed after removal of the EDTA and addition of CaCl~2~ to the cells. The amount of CaCl~2~ present did not have a large effect on the flocculation of the cells over a threshold concentration of 0.1 mM ([Supplementary Fig. S2](#s0095){ref-type="sec"}). At lower concentrations, flocculation did not occur at significant levels.

To investigate whether strains overexpressing *FLONF* would have the ability to confer strong flocculation in 2nd generation bioethanol media, where several sugars are present in high concentration, the flocculation ability in the presence of different sugars at various concentrations (0--1.0 M) was studied for CEN.PK FLONF. With no sugars present, the fraction of free cells was 18% ± 13%-points. This shows that the flocculation conferred by *FLONF* is significantly weaker than that of the native *S. cerevisiae* CCUG 53310 ([@bib23]). Furthermore, the flocculation was strongly inhibited by all sugars except galactose ([Fig. 1](#f0005){ref-type="fig"}). This means that the gene gave rise to NewFlo phenotype flocculation ([@bib15]). The flocculation of the recombinant strain bearing the *FLONF* gene thus differed significantly from that of the strain it originated from. The flocculation of CCUG 53310 was affected only by mannose at concentrations of 0.8 M and above, and not at all by other sugars ([@bib23]). Although we did not further investigate if the isolated *FLONF* gene is actively expressed in CCUG 53310, this indicates that the strain has more than one flocculation gene in its genetic repertoire, as has been previously proposed ([@bib23]). The observation strengthens the conclusion that at least one more allelic variant of *FLO1* is present in CCUG 53310.Fig. 1The effect of sugars on the flocculation of the recombinant strain. The flocculation of the recombinant strain expressing the novel protein, FloNFp, was investigated in the presence of various sugars. Average values of at least duplicate experiments with duplicate technical replicates, shown with± one standard deviation, *n* ≥ 2.\*Data for *S. cerevisiae* CCUG 53310, from ([@bib23]).Fig. 1

Simulations of the N-terminal part of the protein product, FloNFp, were made in order to elucidate potential differences between FloNFp and other members of the Flo-protein family ([Supplementary text ST1-ST3; Supplementary Fig. S3; Supplementary Fig S4](#s0095){ref-type="sec"}). In short, the Flo5 subdomain and the Gln 197-Pro 203 sequence (in L3, a loop flanking the carbohydrate binding site) were predicted to be the most flexible parts of the protein, causing these parts to be the least accurately predicted in the homology modelling. The flexibility of L3 allows it to approach and possibly interact with ligands in the active site.

Of special interest due to its position in L3, was a glutamate residue, E200, that replaces a glycine residue found in the corresponding positions in Flo1, Flo5 and Flo9. We hypothesized that the carboxy-group of Glu 200 can interact with the C~6~ hydroxy-group of hexoses. Computationally mutating the Gly 198 residue (corresponding to Glu 200 in FloNFp) in the known Flo5p structure 2XJP to a glutamate, and rotating the C~6~-OH hydrogen atom, showed that the distance between these groups (1.7 Å) should be ideal for a hydrogen bond ([Supplementary Fig. S5](#s0095){ref-type="sec"}). This led to the hypothesis that the glutamate residue contributes to the observed change from the Flo1 to the NewFlo flocculation phenotype. However, the E200G mutation and expression of the mutant flocculin in *S. cerevisiae* CEN.PK 113-7D did not cause any change in the flocculation properties (data not shown). Thus, the reason for the NewFlo phenotype must reside in other differences between the proteins.

3.4. Assembly of a chimaeric flocculation gene {#s0070}
----------------------------------------------

Since *FLONF* did not live up to the criteria of conferring constitutive strong flocculation to CEN.PK 113-7D, a new hypothesis was postulated. We hypothesized that insertion of internal repeats isolated from *FLONF* into an S288c *FLO1* variant, would result in robust, strong, constitutive flocculation of Flo1 phenotype. By inserting repeats with a different sequence than the ones already present in the gene, the risk of recombination events changing the phenotype would, plausibly, be reduced. Furthermore, since the strength of the flocculation is dependent on the length of the flocculation gene ([@bib13], [@bib24]), a chimaeric gene with an increased number of repeats may result in stronger flocculation. The sugar recognition of the flocculation protein is mainly dependent on the N-terminal part ([@bib6]), which in this case would be identical to the S288c Flo1. Hence, a Flo1 phenotype flocculation would most likely be obtained.

The chimaeric flocculation gene *FLOw* was created as described in [Section 2.5](#s0035){ref-type="sec"}. However, isolation and amplification of the expected repeats from *FLONF* was not achieved. Since repeated sequences easily bind to each other during the PCR cycles, a mixed product is often obtained, with different sizes and sequences. This was the case in the current project. The repeats from *FLONF* could not be amplified into a single product from the genomic DNA of CEN.PK FLONF despite multiple attempts. Rather, mixed products were obtained. From the best attempt, a broad band between approximately 1.2--1.5 kbp was purified from an agarose gel and subsequently merged with the flanking parts derived from the 'strongly flocculating' *FLO1* variant. However, a single product was not obtained here either, indicating that many sizes of the repeat units were complementary to the end parts of the 5′ and 3′ parts of the cassette. Thus, after transformation into CEN.PK 113-7D, several colonies were picked and tested for flocculation and gene length by colony PCR. The strongest flocculating mutant, corresponding to the longest gene length, was designated CEN.PK FLOw.

The *FLOw* gene was isolated from CEN.PK FLOw and sequenced. However, due to the highly repetitive sequence in the inserted part of the gene, it was not possible to obtain a totally unambiguous sequence by primer walking. The parts of the cassette flanking the repeats from *FLONF* were identical to those previously reported ([@bib24]). The repeated region from *FLONF* was, as expected from the results of the gel electrophoresis ([Section 2.5](#s0035){ref-type="sec"}), not identical to that planned in the original design. It was nonetheless clear that the region originated from *FLONF*. Restriction digestion with Spe1, Sca1 and Acc1 and comparing the sizes of the obtained fragments with the sequencing results helped to determine the correct sequence of the gene ([Supplementary Fig. S6](#s0095){ref-type="sec"}). All bases in the final sequence were identified using at least two primers. The gene, *FLOw*, has been deposited in GenBank with accession number [KT264162](ncbi-n:KT264162){#ir0020}. The size of the flocculation gene was 5151 bp, *i.e.* significantly larger than the full 4614 bp *FLO1* in S288c and larger than the planned size of 4881 bp.

Protein domain analysis using Pfam ([@bib12]) revealed that 11 repeat units had been added to the internal region of the protein, rather than the planned 9 repeats, giving *FLOw* 22 repeats. This is the same number of extra repeats reported in a long variant of *FLO1* isolated by Zhao et al. ([@bib27]). The S288c *FLO1* has 18 repeats. An extended analysis of the identified repeats was performed by aligning the repeats identified by Pfam for Flo1 strongly flocculating variant, FloNF and Flow with ClustalW and constructing a phylogenetic tree to visualize the similarities between the repeats ([Supplementary Fig. S7A](#s0095){ref-type="sec"}). In this way it was possible to easily identify which repeats that had been inserted into Flow ([Supplementary Fig. S7B](#s0095){ref-type="sec"}). The two most N-terminal repeats of FloNF had not been transferred, while the following part seemed to have been inserted twice, but with the loss of the internal repeat FloNF \#5 or \#6. One repeat, Flow \#6, was unique for the sequence of *FLOw*. These changes were likely caused by errors that occurred during the PCR cycles, creating the 11 repeats fragment in Flow from the 9 repeats *FLONF* template.

3.5. Flocculation of CEN.PK FLOw {#s0075}
--------------------------------

The flocculation of CEN.PK FLOw was clearly stronger than that of CEN.PK 113-7D transformed with the strongly flocculating *FLO1* variant, reported in ([@bib24]). As expected, expression of *FLOw* yielded a Flo1 phenotype flocculation, inhibited only by mannose ([Fig. 2](#f0010){ref-type="fig"}A). However, the inhibition was even weaker than for the *FLO1* variant it originated from. At a concentration of 1 M mannose there were only 14.6% ± 2.5%-points planktonic cells, compared to 60.7% ± 3.3%-points for the strongly flocculating mutant ([Fig. 2](#f0010){ref-type="fig"}A). As a comparison, the strongest flocculating strain described by Zhao et al. had 15% and 28% planktonic cells at 0.5 and 1 M mannose, respectively, assessed in a slightly different way ([@bib27]).Fig. 2Flocculation and cell wall hydrophobicity of CEN.PK FLOw. A) The flocculation of CEN.PK 113-7D transformed with the cassette containing the new flocculation gene, *FLOw*, was weakly inhibited only by mannose. B) Expression of *FLOw* resulted in a large increase in the cell wall hydrophobicity. For comparison, data from strains expressing previously reported variants of *FLO1* is shown. Error bars show standard deviation, n ≥ 2. (\*Data taken from ([@bib24]).).Fig. 2

The cell wall hydrophobicity, assayed as previously described ([@bib23]), was also clearly higher for the cells expressing the longer, chimaeric, flocculation protein ([Fig. 1](#f0005){ref-type="fig"}B). A hydrophobicity of 81.1% ± 1.8%-points was measured for CEN.PK FLOw, whereas a hydrophobicity of 55.3 ± 5.0%-points was reported for the 'Strongly flocculating' CEN.PK variant ([@bib24]).

The cassette containing the *FLOw* gene could easily be amplified from the genomic DNA of CEN.PK FLOw and transformed into other *S. cerevisiae* strains of different genetic background, *i.e.* KE6--12.A ([@bib18]) and IBB10B05 ([@bib9]). Both of these strains are genetically engineered xylose-fermenting *S. cerevisiae* developed for second generation bioethanol production. The flocculation strength was improved by expression of the *FLOw* gene in both cases, compared to expression of the 'strongly flocculating' *FLO1* variant, as shown in [Fig. 3](#f0015){ref-type="fig"} for the KE6--12. A strain. The IBB10B05 strain behaved similarly. In-depth characterizations of the resulting strains are described in separate publications ([@bib10], [@bib25]). The transferability of the cassette to other yeast strains clearly showed the robustness of the construct despite its considerable length.Fig. 3Phenotypic appearance of KE6--12.A variants in shake flasks. A) KE6--12.A -- non-flocculating, B) KE6--12.A expressing the strongly flocculating *FLO1* variant described in ([@bib24]) and C) KE6--12.A expressing the chimaeric *FLOw* gene. Scale bars indicate \~10 mm.Fig. 3

The developed cassette can be used to obtain yeast strains that are easy to separate from the medium for use in *e.g.* sequential batches. Strong flocculation can also be a significant benefit for slowly growing cells. Large volumes of broth often have to be centrifuged to obtain a substantial amount of such cells. Separation by sedimentation has the potential to save significant amounts of both time and energy in these cases. Flocculation is also an efficient way of self-immobilization, enabling continuous fermentations with retention of cells without the need for filters ([@bib26]). Lastly, strong flocculation resulting in dense cell flocs, as those observed in shake flasks for strains harbouring the *FLOw* gene, leads to enhanced robustness by increasing the tolerance to inhibitors present in lignocellulosic hydrolysates ([@bib24]).

4. Conclusions {#s0080}
==============

We constructed a cassette containing a gene conferring strong flocculation when expressed in *S. cerevisiae* cells. The flocculation is only weakly inhibited by high concentrations of mannose and not at all by other carbohydrates tested. The gene can be easily transformed into different *S. cerevisiae* strains and used to *e.g.* facilitate an easier cell separation or to increase the robustness of the cell population.
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